Crucial to the success of epilepsy surgery is the availability of a robust biomarker that identifies the Epileptogenic Zone (EZ). High Frequency Oscillations (HFOs) have emerged as potential presurgical biomarkers for the identification of the EZ in addition to Interictal Epileptiform Discharges (IEDs) and ictal activity. Although they are promising to localize the EZ, they are not yet suited for the diagnosis or monitoring of epilepsy in clinical practice. Primary barriers remain: the lack of a formal and global definition for HFOs; the consequent heterogeneity of methodological approaches used for their study; and the practical difficulties to detect and localize them noninvasively from scalp recordings. Here, we present a methodology for the recording, detection, and localization of interictal HFOs from pediatric patients with refractory epilepsy. We report representative data of HFOs detected noninvasively from interictal scalp EEG and MEG from two children undergoing surgery.
Introduction
Pediatric epilepsy is a common neurological disorder with a prevalence rate of 4 -6 per 1,000 children 1 , the zone that generates the IEDs, and that the surgical removal of the HFO-generating tissue correlates with better outcomes than the removal of the SOZ or the irritative zone 15 . HFOs are commonly categorized as ripples or fast ripples (250 -500 Hz). Fast ripples have been more closely linked to pathological activity and to the localization of the SOZ 16 , but investigations of human intracranial recordings indicate that both ripples and fast ripples increase in epileptogenic regions 17 .
Despite these promising findings, HFOs are not yet suited for the diagnosis or monitoring of epilepsy in clinical practice. Primary barriers remain: (i) the lack of a formal and global definition for HFOs; (ii) the consequent heterogeneity of the methodological approaches used for their study; and (iii) the practical difficulties to detect and localize them noninvasively from scalp recordings. The latter stems from the fact that electrodes are far away from the source of the signal, the signal might be blurred by background noise and muscle activity, and the signal might be distorted by the scalp or the fontanels and sutures in the skull, especially in infant patients. Moreover, it is difficult to distinguish between normal and abnormal HFOs 18, 19 since both ripples and fast ripples are present even in normal human brain tissue 20 . Early studies reported HFOs in scalp EEG in only a small (0.2 -3.4%) portion of patients with epilepsy [21] [22] [23] . However, recent studies have shown that HFOs can be detected noninvasively with scalp EEG. Ictally, HFOs have been reported at the onset of epileptic spasms in children (50 -100 Hz 24 , 40 -120 Hz 25 ), as well as at the onset of tonic seizures in Lennox-Gastaut syndrome (50 -100 Hz) 26 . Interictal HFOs were first observed on scalp EEG in children with sleep-induced electrical status epilepticus 27 . Then, interictal HFOs were identified in the scalp EEG of patients with focal epilepsy with higher rates inside the SOZ 28 . Interestingly, HFOs were more frequent in patients with high numbers of interictal epileptiform discharges (IEDs), and they were found to be more specific than IEDs for the SOZ 29 , highlighting the relation of HFOs with epileptogenicity.
MEG seems to present significant advantages compared to scalp EEG for the noninvasive detection and localization of HFOs: (i) high frequency activity in MEG is less susceptible than EEG to contamination from muscular activity [30] [31] , (ii) MEG signals are not distorted by skull conductivity and less distorted than EEG by unfused regions of the cranial bone such as fontanel or suture, and (iii) MEG sensor arrays have higher density compared to EEG that always faces the problem of salt bridges between electrodes when the head is small, as with children. Evidence from phantom constructions that simulate HFOs generators suggested that HFOs can be detected and localized with high localization accuracy (2 -3 mm) with MEG 32 . Several recent studies reported HFOs in the MEG signals recorded from patients with epilepsy in the ripple frequency band [33] [34] [35] [36] [37] [38] . Time-frequency analysis has shown that MEG data contain high frequency components related to the EZ [33] [34] [35] [36] . However, only a few studies have identified interictal HFOs as visible events standing out of the background signal in the time domain, as typically done with iEEG [37] [38] . Van Klink et al. 37 detected HFOs in the ripple band using virtual channels constructed with beamforming techniques based on spatial information obtained from IEDs. Von Ellenrieder et al. 38 detected HFOs in MEG signals from the physical sensors independently of the IEDs and used the Maximum Entropy on the Mean (MEM) method to localize their sources and to investigate their correlation with the EZ. also detected epileptic high gamma oscillations with MEG, which were spike-locked or spike-independent, and localized this activity with minimum-norm source analysis 39 . They found that characteristics of these fast oscillations (i.e., clear onset of full-band average and maximum amplitude of oscillations) were highly associated with the SOZ. HFOs were also detected with MEG during ictal activity in pediatric patients with epileptic spasms 40 . However, MEG presents some distinct limitations compared to scalp EEG: (i) it is insensitive to sources that have a radial orientation with respect to the center of the head, (ii) it does not allow long recordings that increase the possibility to detect and record ictal events, and (iii) its sensors cannot conform to the shape of head of each individual since the helmet and sensor array within the helmet are all fixed in shape. Thus, the ideal setup that maximizes the possibility to detect and localize the epileptogenic activity is by combining information from both scalp EEG and MEG.
In this study, we aim to illustrate the methodology we follow for the noninvasive detection of interictal HFOs by using simultaneous recordings of scalp EEG and MEG from pediatric patients with medically refractory epilepsy. We present the setup of the recordings and the pipeline of data analysis using a semi-automated method that we have developed for the detection of HFO events in simultaneous MEG and EEG data. Finally, we also present the localization of the underlying generators of scalp HFOs, obtained by solving the inverse problem, and compare it with the SOZ as this was defined by the epileptologists.
Protocol
Ethics Statement: Experimental procedures here have been approved by the Institutional Review Board (IRB) of Massachusetts General Hospital, Boston, MA, USA. The following section will describe the experimental protocol for the noninvasive detection and source localization of HFOs using scalp EEG and MEG. Patient preparation is minimal, and the examination is generally well tolerated. The entire session lasts about 2 -3 h with the actual recordings lasting around 60 min.
1. Place the ground and reference electrodes on the head. Connect additional electrodes for measuring horizontal and vertical electrooculography (EOG), electrocardiography (ECG), electromyography (EMG) and additional EEG electrodes at locations covering the temporal regions (T1/T2). NOTE: The EOG, ECG, and EMG aid the identification of eye movements, magnetocardiographic contamination, muscle activity, and also to monitor the patient's state.
5. Ensure that the EEG channels have good contact with the scalp by positioning the sensors individually. Gently twist each sensor from side to side to move hair out of the way. Measure all electrode impedances with an EEG ohmmeter in order to be below 10 KOhm. 6. Place four HPI coils on the head: two behind the earlobes and two on the forehead at approximate symmetrical locations.
NOTE: The HPI coils help to localize the relative position of the patient's head with respect to the location of the MEG sensors in 3D space.
The number of HPI coils may differ depending on the vendor of the MEG system. 7. Obtain the locations of the HPI coils and the EEG electrodes using a digitizer.
NOTE: The digitizer records the coordinates of a sensor in the 3D space. The sensor is placed on the tip of a stylus. The locations of the HPI coils must be known with respect to the head anatomy and the locations of the MEG sensors. 8. Obtain the locations of fiducial landmarks including left/right preauricular points and nasion using the digitizer. Digitize additional points (approximately 300 points) to obtain precise head shape. 9. Transfer the patient into the magnetic shielded room (MSR) 42 , where the MEG system is located. NOTE: The MSR is a shielded environment that minimizes the interference of MEG recordings from external electromagnetic sources (i.e., power lines, radiofrequency signals from portable devices, electrical devices and computers, magnetic fields from moving magnetized objects such as cars, elevators, and trains). It consists of three nested layers. Each layer is made of a pure aluminum layer plus a high permeability ferromagnetic layer (i.e., mu-metal, an alloy consisting mostly of nickel and iron). 10. Lay down the patient on the bed, put his/her head into the MEG helmet, and apply appropriate pads/sponges under the patient's head for comfort. 11. Connect the HPIs, the EEG leads, the EOG, the ECG, the EMG, and the additional electrodes to the recording machine. Adjust the patient's head position in the scanner ensuring that it is located as deep as possible in the helmet.
Data Acquisition
1. MEG and EEG NOTE: MEG/EEG data acquisition is performed based on the method described in a previous study 42 . More details about the clinical use of MEG in pediatric epilepsy can be found elsewhere 43, 44 . 1. Record MEG signals with a whole-head MEG system. NOTE: The MEG system employs thin-film sensors of two types (planar gradiometers and magnetometers) integrated on 102 sensor elements. Each element contains a magnetometer that consists of a single coil, and two orthogonal planar gradiometers that consist of a "figure-of-eight"-type coil configuration. The magnetometer measures the magnetic flux perpendicular to its surface and the gradiometers measure the difference between the two loops of the "eight", or the spatial gradient. The MEG system has 204 planar gradiometers and 102 magnetometers (306 sensors in total). MEG systems from different vendors have different number and types of coils (i.e., axial gradiometers). 2. Record simultaneously EEG signals using a nonmagnetic 70-channel electrode cap with Ag/AgCl sintered ring electrodes and additional electrodes in T1/T2 42 . Use a common reference montage. 3. Close the door of the MSR. Communicate with the patient via an intercom system to check if he/she feels comfortable. Ask the parent to stay inside the MSR during the recording if the child feels uncomfortable to stay alone. 4. Start the recordings by clicking the 'Go' button in the MEG acquisition software. Use a high sampling rate of 1 KHz (or more). Use a low-pass Infinite Impulse Response (IIR) filter of 6 th order at 400 Hz. Check online all the recorded signals. Fix bad MEG channels by using a sensor tuner. NOTE: Bad MEG channels are defined sensors (gradiometers or magnetometers) that have a relatively high level of white noise (above 2 to 5 fT/√Hz for magnetometers) or sensors that record spurious environmental electromagnetic noise. This is usually happening when the sensors are exposed to strong (relative to the signals measured) magnetic fields and specific parts of the coils "trap" the magnetic flux destroying the superconductivity. A sensor tuner then is used that heat the coil by applying an electric current through it. This procedure is called tuning and is used when the white noise level of the sensor is above a specific threshold (i.e., 2 -5 fT/√Hz). Some MEG systems do not have sensor tuners. 1. Acquire anatomical MRI data with magnetization-prepared rapid acquisition gradient-echo sequences (MPRAGE; TE = 1.74 ms, TR = 2,520 ms, voxel size = 1 × 1 × 1 mm) with a high-resolution 3T scanner. Details about the MRI scanning protocol can be found elsewhere 45 . NOTE: We do not perform the MRI scan the same day as the MEG session in order to avoid artifacts in the MEG recordings due to magnetization of possible patient's metallic implants, such as from dental works.
Identification of Interictal Activity
1. Open the data using Brainstorm 46 , which is documented and freely available for download online under the GNU general public license. 3. Using Brainstorm, display the data with standard display settings (10 s/page). Go to the Filter tab and put the following filter display parameters: high-pass filter: 1 Hz, Low-pass filter: 80 Hz, Notch filter: 50 or 60 Hz (according to the frequency of the power line). Inspect the data and identify portions of data with IEDs. NOTE: Only portions of signal with IEDs will be scanned to look for HFOs (step 3.4). The selected filters are for visualization only; they have not been applied to the data. In order to apply these filters permanently to the data, use a band-pass Butterworth filter (4 th order) following the instructions in Brainstorm website (http://neuroimage.usc.edu/brainstorm/). 4. Mark the peak of each IED occurring in both EEG and MEG data (see red spots in Figure 1) .
NOTE: More details about marking IEDs using Brainstorm can be found elsewhere (http://neuroimage.usc.edu/brainstorm/Tutorials/Epilepsy).
Semi-automated Detection of HFOs in Simultaneous Scalp EEG and MEG Data
NOTE: Here we describe a semi-automated method to detect HFOs, which includes an automated detection (step 4.1; Figure 2 ), followed by a visual review of the automatically detected HFOs (step 4.3). In order to avoid the spurious oscillations of sharp transients as true ripples and to ensure that the HFOs are not due to a filtering phenomenon, we followed the latest suggestions in the relevant literature: we required the HFOs to have a minimum number of 4 oscillations since it has been observed that the impulse response of the filter has fewer oscillations than the chosen number of cycles 50 , we used the Finite Impulse Response (FIR) filter to minimize ringing effect and the "Gibbs" phenomenon 50 , we required the candidate HFO events to be inspected also visually by an expert to check whether the HFOs were also visible overlaid on the IEDs 50, 51 , and we required an isolated island to be observed in the time-frequency plain because a sharp event and an oscillation have different signatures: a real HFO is represented by an isolated peak in the time-frequency plot (restricted in frequency, as "island") located in the band of 80 -500 Hz, while a transient event generates an elongated blob, extended in frequency , and zero-phase digital filtering to avoid phase distortion. 2. Calculate the envelope of the BP signal using the Hilbert transformation. Calculate the mean and the standard deviation (SD) of the envelope over 10 s sliding windows centered on each point of the time-series. Estimate the overall mean and SD using the median value over all the windows (in order to obtain values that are robust to the possible presence of portions of the signal with many HFOs and high SD). 3. Calculate the z-score of the envelope and mark a candidate HFO every time the z-score is higher than the minimum threshold, set equal to 3 56 . 4. Define the starting and ending points of the detected event as the upward and downward crossings of half the threshold.
Consider the HFOs with an inter-event interval of less than 30 ms as one single HFO. Calculate the number of peaks in the BP signal between the HFO starting and ending points, and discard events with less than 4 peaks. Also, discard events with a zscore higher than 12. NOTE: Modify your maximum z-score threshold according to the amplitude of the artifacts that may occur in your recordings. Events with a low number of oscillations can be caused by filtering effects 57, 58 , whereas events with extremely high amplitude can be due to muscle or electrode artifacts.
2. Reject possible artifacts in the time-frequency domain.
NOTE: This step is necessary to distinguish real HFOs from events that might be elicited by other EEG activity and filtering artifacts, whose frequency content is not restricted to the frequency band of interest. It is based on the assumption that a real HFO appears as a short-lived event with an isolated spectral peak at a distinct frequency above 80 Hz, in contrast with a transient event that generates an elongated blob extended in frequency 59 . each power spectrum, follow the automatic criteria described by Burnos et al. 56 to detect the peak in the high-frequency band and to verify whether it is clearly distinct from the closest peak in the lower frequency range. Discard HFOs that do not show a power spectrum with an isolated high-frequency peak in at least 90% of the time points.
2. Sort all the detected HFOs events by their temporal occurrence across channels. Group together all the consecutive HFOs whose duration overlaps. Keep only groups of HFOs involving at least two EEG channels for further analysis. NOTE: The algorithm requests the HFOs to occur in at least 2 channels in order to avoid capturing spurious random artifacts, which may resemble real HFOs and occur in single EEG leads. Two consecutive HFOs are considered as overlapping when the starting time of the second HFO precedes the starting time of the first one. . NOTE: This approach offers high specificity at the cost of low sensitivity; thus, it provides confidence that the identified HFOs are of cortical origin. 4. Keep only HFO events that occur in both EEG and MEG signals at the same time.
Source Localization of IEDs and HFOs

Localize the generators at the peak of the MEG IEDs, marked in step 3.3, using the Equivalent Current Dipoles (ECD). Use the Minimum
Norm Estimates software that is freely available (http://martinos.org/mne/stable/index.html). Consider only spikes with goodness-of-fit (GOF) > 80% and dipole moment Q<500 nA -m. Overlay the ECD location on the MRI of each patient. NOTE: The Maximum Entropy on the Mean (MEM) is an attractive alternative method that determines the location and extent of the sources 61 .
HFO source localization at both EEG and MEG using the wavelet Maximum Entropy on the Mean (wMEM) method (as proposed by von
Ellenrieder et al 38 ). NOTE: The MEM is an efficient technique that has been successfully used to determine the location and extent of sources of epileptic activity [62] [63] [64] . The wMEM is an extension of MEM that has been developed for localizing oscillatory activity as evaluated with realistic simulations 65 . It decomposes the signal in a discrete wavelet basis before performing MEM source localization on each time-frequency box. Thus, wMEM is particularly well suited to localize HFOs.
1. Segment the MRI and obtain the cortical surface using Freesurfer [66] [67] . 2. Solve the EEG/MEG forward problem with the boundary element method (BEM) for a 3-layer model using OpenMEEG 1. Acquire extra-operative iEEG by employing subdural grids and/or stereotactically guided depth electrodes. Guide the placement of the electrodes based on the results of previous presurgical evaluation tests and the clinical hypotheses to be addressed, which is specific for each patient. NOTE: Intracranial EEG is recorded with a digital EEG system using a 2 KHz sampling rate, as part of the presurgical evaluation. Subdural grids are typically the best choice if the topography of the cortical seizure area is important to resolve, and if mapping of the eloquent cortex is critical (e.g., with an epileptogenic area near primary motor cortex, where the exact boundaries can be estimated by stimulation mapping and ictal intracranial EEG analysis).
2. Definition of the SOZ: 1. Identify the SOZ as defined by an expert epileptologist based on the clinical information available for each patient. NOTE: The SOZ is defined as the area showing the earliest and rapid spread of iEEG change (ictal discharge) from baseline prior to or concomitant with the clinical onset. All channels involved at the beginning of the ictal electrographic discharge, usually the first 5 s, were considered as the SOZ. In patients where the seizures are originating from more than one area independently of each other, all contacts within the different SOZs are regarded as SOZ contacts. The expert is blind to the HFO source localization results at the time of defining the SOZ. The clinical information also includes: ictal and interictal iEEG findings, visible lesion on the MRI, ictal and interictal scalp EEG findings.
3. Identification of the HFO channels: 1. Detect the HFOs in each intracranial electrode as described in 4.1. Use Kittler's method to determine the threshold based on the histogram of the number of HFOs from all channels, then apply bootstrapping and calculate the mean as the final threshold 69 . Finally, identify the channels with an HFO rate above the threshold. 
Representative Results
Pediatric patients with refractory epilepsy were recruited from the Epilepsy Clinic of Boston Children's Hospital (Boston, USA). Here, representative data from 2 patients are presented: a 15-year-old girl with encephalomalacia of the right middle cerebral artery (MCA) region (patient 1), and an 11-year-old boy with left parietal/superior temporal encephalomalacia (patient 2). The data were collected as part of their presurgical workup for surgery. Simultaneous MEG and EEG recordings were performed at the Athinoula A. Martinos Center for Biomedical Imaging.
For both patients, HFOs were identified in the ripple frequency band (80 -150 Hz) occurring in both EEG and MEG and overlying IEDs. Figure  4 presents 10 s of simultaneous scalp EEG and MEG data with interictal activity (upper panels) from patient 1. The same figure also reports an extended time scale portion (2 s) of the signals, which shows the detected HFOs in the time domain (middle panels) and in the time-frequency plane (lower panel). This patient showed a rate of 8.8 HFOs/min. For clarity, the display of the time-frequency plane is restricted from 80 -150 Hz because no prominent activity was observed for frequencies above 150 Hz. In patient 1, the automatic detection identified 248 HFOs events within 8.65 min of recordings. After visual review of the detected events, 76 events were kept that were considered to be real HFOs, obtaining a rate of 8.8 HFOs/min. For the averaging of the IEDs, we identified spikes with similar morphology. Please click here to view a larger version of this figure. The representative results presented here indicate the potential use of the described technique in the clinical setting for the noninvasive identification and localization of HFOs during the pre-surgical evaluation of pediatric patients with medically refractory epilepsy. For both patients, HFOs were localized concordant for scalp EEG and MEG (see Figure 5 ). Localization differences of few mm may be attributed to the superior localization ability of high-density MEG compared to scalp EEG 70 , or may represent different underlying generators 71 . The localization was also concordant with the irritative zone as this was defined by MEG (see Figure 5 -right panel) . In patient 2, data from iEEG were also available. The HFOs zone localized noninvasively with scalp EEG and MEG was concordant with the HFOs zone defined invasively with iEEG (see Figure  6 ). The outcomes of the proposed method can guide the placement of grids during epilepsy surgery for the potential identification of the EZ.
Discussion
Converging evidence from animal and human studies has shown that HFOs are a new potential biomarker for epileptogenic tissue. Despite this evidence, HFOs have very limited use in clinical practice for the diagnosis or monitoring of epilepsy, mostly because: (i) there is no formal and global definition for HFOs; (ii) different research groups use different methodology for recording and analyzing the data; (iii) the noninvasive detection of HFOs with neuroimaging techniques is challenging; and (iv) the review process of HFOs is time-consuming and impractical, especially for multichannel EEG or MEG recordings with a high number of sensors. In an effort to provide a global standardized methodology that promotes the systematic use of HFOs in clinical practice, the methodology that is followed at Boston Children's Hospital for the noninvasive recording, detection, and localization of interictal HFOs from pediatric patients with epilepsy is presented. Representative results of HFOs detected with simultaneous scalp EEG and MEG from two children with medically refractory epilepsy are also presented.
Critical steps within the protocol
The proposed methodology includes the following critical steps: (i) the performance of high Signal-to-Noise-Ratio (SNR) EEG and MEG simultaneous recordings of interictal activity from pediatric patients with medically refractory epilepsy (steps 2.1.1 and 2.1.2); (ii) the careful preprocessing and selection of data with interictal discharges (steps 3.1 and 3.2); (iii) the visual review of the identified HFOs events with high specificity (steps 4.3.1, 4.3.2, and 4.3.3); and (iv) the reliable localization of the HFOs using an appropriate localization method (step 5.2).
The most critical step in this protocol is the visual review of the HFO events identified by the automatic detector. A rigorous review of the automatically detected HFOs is crucial to discard HFOs of noncerebral origin. However, fatigue or distraction of the human reviewer during the visual inspection of multichannel EEG and MEG data may lead to errors, reducing the specificity of the detection process.
Modifications and troubleshooting
We avoid the use of the Signal Space Projection (SSP) and Signal Space Separation (SSS) methods 72, 73 in order to ensure that there was no distortion of the HFO activity from their application. These methods are often used by most of the users of the particular MEG vendor to suppress external interferences and to correct for head movements 72 . Further studies are necessary in order to ensure that the application of these methods do not affect or distort the HFO activity or do not produce spurious effects that may resemble human HFOs. Minor modifications of the minimum threshold of the z-score of the signal envelope (step 4.1.1.3) and the threshold of activation values (step 5.2.6) may be needed to improve the sensitivity of the algorithm in the detection of HFOs and restrict the localization of the HFOs zone in a more focal area.
Limitations of the technique
The described method presents limitations that should be further addressed in future studies. First, it does not consider HFOs occurring only in the MEG or EEG signals, and it does not include the automatic detection of HFOs in the MEG signals, which implies that some actual low SNR MEG HFOs might escape visual inspection 74 . Furthermore, the sensitivity and specificity of the proposed method to detect the HFOs and its ability to localize them with high accuracy should be validated with simultaneous recordings of scalp EEG, MEG, and iEEG 75 . Our data have shown that single ECDs indicated an extended irritative zone compared to the focal HFOs zone. However, when the ECDs were averaged, then the dipole location was quite close to the HFO zone for both patients. Our data are indicative of the specificity of the 2 methods showing a possible higher specificity of the HFO zone for epileptogenicity (particularly for patient 2 for whom the HFO zone was overlapping with the SOZ) compared to the irritative zone, although secure conclusions cannot be drawn from such a small cohort of patients. More importantly, the localization of the HFO sources does not directly imply localizing the EZ that is responsible for seizures. Our findings should be validated against the outcome of the epilepsy surgery that we plan to do in a future study. Finally, to record the EEG data, a 70-channel system was used. Yet, in most centers the standard clinical EEG setting is used that records data from 19 electrodes placed according to the 10 -20 system. More advanced pediatric EEG systems with much higher number of channels (up to 256) are currently available in the market. The use of these systems may further improve the localization accuracy of the HFOs zone detected with scalp EEG.
Significance of the technique with respect to existing/alternative methods
To our best knowledge, this is the first study that reports the noninvasive localization of interictal HFOs with simultaneous EEG and MEG, and also investigates the concordance of the localization results with those from intracranial recordings. The noninvasive recording, detection, and localization of HFOs is challenging. This is because HFOs are very weak signals generated by small brain regions on the order of cubic millimeters 16, 76 and furthermore hindered by noise and brain background activity. A recent study proposed that HFOs recorded non-invasively with scalp EEG represent the sum of activity of multiple spatially distributed focal and coherent sources 60 . So far, few studies 28, 29, 37, 38, 60 managed to show that HFOs can be detected non-invasively using scalp EEG and MEG; even fewer localized this activity by solving the inverse problem [37] [38] .
Here, evidence of interictal HFOs are presented which have been detected with simultaneous scalp EEG and MEG from two pediatric patients with epilepsy. HFOs were localized by using a previously described framework 38 . The representative data suggest that the noninvasive localization of interictal HFOs is feasible by using source imaging techniques performed on either scalp EEG or MEG recordings, assuming that an appropriate localization technique is used. This is in line with a previous study that used a phantom construction resembling HFOs generators, which indicates that HFOs can be noninvasively detected and accurately localized with MEG 32 .
The detection and labeling of interictal HFOs is traditionally performed through the visual inspection of data from human EEG experts. Although this approach is often regarded as the gold standard, it presents serious limitations since it has poor inter-reviewer reliability 77, 78 , and is not applicable to large MEG and EEG datasets with high number of sensors. Crucial to the application of HFOs in clinical practice is the development of algorithms that detect the HFOs automatically from scalp recordings reducing the need for human input. The visual identification of scalp HFOs is in fact quite challenging due to: (i) the low SNR of HFOs on the scalp; (ii) the lower rates of HFOs in scalp recordings compared to intracranial ones, which implies the analysis of much longer recording times; and (iii) the high number of channels to analyze, particularly in high-density EEG or MEG. Several algorithms for automatic and semi-automatic detection of HFOs have been proposed in the last decade . Recent advances suggest also incorporating information from the frequency domain, assuming that an HFO must appear as a shortlived event with an isolated spectral peak at a distinct frequency 50, 56, 81 . Semi-automated methods seem to be the most appropriate approach for the application of HFOs in clinical practice. These methods involve 2 stages: (i) initial automatic detection of events that has high sensitivity, and (ii) visual review of events by an expert, which has high specificity. This approach provides higher specificity compared to the fully automated methods and ensures that the final reviewed events are actual HFOs of cerebral origin.
Here, a semi-automated method is presented that enables the detection of HFOs from interictal scalp EEG and MEG recordings. The proposed method extends previously described techniques for the detection of HFOs from scalp EEG 60 by incorporating in the identification criteria two important features: (i) the automatic time-frequency analysis of the HFO events; and (ii) the temporal concurrence of HFOs events in both MEG and EEG recordings.
Future applications or directions after mastering this technique
The reliable localization of HFOs with non-invasive neuroimaging methods, such as scalp EEG and MEG, is critical. Mastering, improving, and validating the proposed protocol will provide physicians with a reliable, noninvasively recordable biomarker for the identification of the EZ. The development of such a biomarker has the potential to reduce the requirement for long-term monitoring and invasive intracranial recordings leading to a significant improvement in the presurgical evaluation procedure in pediatric patients. It would not only help to identify the epileptogenic tissue for surgery, but would also permit definitive differential diagnosis of epilepsy from acute symptomatic seizures, requiring an entirely different treatment approach, and from non-epileptic seizures sparing the need for long-term monitoring in some patients. Further, this might allow assessment of efficacy of therapeutic interventions without waiting for another seizure to occur.
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